Rijnsburger, M.
Introduction
The delivery of blood-borne molecules like hormones and nutrients to the hypothalamus is restricted by the blood-brain barrier (BBB) [1, 2] . The arcuate nucleus (Arc) of the hypothalamus lies adjacent to the 3 rd ventricle and is in close proximity with the median eminence (ME), a circumventricular organ with an incomplete BBB. Thus, the hypothalamus is in (in)direct contact with circulating molecules through the systemic circulation and through the cerebrospinal fluid (CSF). The brain-CSF barrier of the 3 rd ventricle is composed of tanycytes, specialized hypothalamic glia cells [3] . The tanycytes at the floor of the third ventricle (β2 type) are unique, because they have direct access to the circulation via fenestrations of the BBB found at the ME. β1 tanycytes, present on the border between the ME and the Arc, form the ME-Arc barrier and thus allow the actual entrance of substances into the hypothalamus [4] . Tight junction (TJ) complexes between adjacent tanycytes act as a physical barrier controlling the paracellular passage of substrates over the brain-CSF or ME-Arc barrier [5] . These complexes consist of occludin, claudins and junctional adhesion molecules, groups of transmembrane proteins important for intercellular adhesion. In addition, zonula occludens (ZO) proteins are intracellular TJ proteins and proposed to be scaffolding proteins that link the extracellular tight junctions to the actin cytoskeleton [5] . Altered expression of TJs, resulting in the alignment or misalignment of the barrier is associated with altered barrier permeability [6] . The structural organization of TJs is a dynamic process and, for example, changes upon food status. Fasting has been shown to rapidly increase protein expression of subtypes ZO-1 and claudin-1, resulting in improved access of metabolic substrates to the hypothalamus. On the other hand, refeeding or a glucose bolus after fasting normalized protein expression of ZO-1 and claudin-1, resulting in decreased diffusion of substrates into the brain [6] . This suggests that the main role of the dynamic structure of TJs in metabolic homeostasis is regulation of the entry of nutrients/substrates into the brain. Glucose diffuses into the brain by the GLUT-1 transporter expressed in the endothelium, an integral membrane protein which facilitates diffusion with the concentration gradient of glucose [7] . Fasting has been shown to timedependently increase GLUT-1 protein expression in the hypothalamus, thus facilitating glucose transport to maintain normoglycemia in the brain [8] . It has been shown recently that a high-fat diet (HFD, not enriched in sugar) exposure of 3 days in mice downregulated GLUT-1 protein expression and brain glucose uptake as measured in BBB isolated vascular endothelial cells. Strikingly, prolonged HFD (28 days) restored GLUT-1, facilitated by an increase in vascular endothelial growth factor (VEGF) in macrophages, suggesting a compensatory mechanism [9] . Hormones involved in energy metabolism, like insulin and leptin, are actively transported over the BBB through saturable transporters [10] [11] [12] [13] . In obesity, which is associated with hyperleptinemia and leptin resistance, the transport of leptin over the BBB is disrupted [14] . However, this is not explained by reduced access of leptin to the brain, since leptin transporters are not fully saturated and expression of leptin transporters is not reduced [15, 16] . In rats, exposure to a HFD enriched in n-3 polyunsaturated fatty acids (PUFA) for one week, caused leptin resistance and increased hypothalamic occludin expression while claudin-5 and ZO-1 was not affected. Reducing occludin expression by antisense oligonucleotides restored leptin's anorexigenic effects [15] . A chronic HFD increased passage of molecules over the BBB [17] [18] [19] , and recently it was shown that ZO-1 is downregulated in mice whole brain lysates after 8 weeks HFD [20] . On the other hand Chang et al. (2014) showed the opposite effect on ZO-1 and found no changes in occludins [17] . Since leptin transporter expression seems not altered in obesity or after a HFD, but transport of leptin over the BBB is reduced, this suggests a change in the complex interplay between TJs. Rats on a free-choice high-fat high-sucrose (fcHFHS) diet developed hyperphagia and leptin resistance within a week [21] . The hyperphagia was accompanied by alterations in mRNA expression of the orexigenic Neuropeptide Y (NPY) and anorexigenic proopiomelanocortin (POMC) expression within the Arc [22] . These changes further drive hyperphagia. Since the Arc is located adjacent to the ME and has a leaky BBB, we hypothesized that high amounts of fat and sugar intake, induces alterations of the BBB. We hypothesized that an one-week exposure to a fcHFHS diet reduces diffusion through the ME into the Arc driven by altered protein expression of the TJ proteins claudin-5, occludin and ZO-1 within the wall of the third ventricle. Furthermore, we hypothesized that GLUT-1 expression is decreased as a consequence of increased systemic glucose and free fatty acid levels after exposure to a fcHFHS diet. The decreased possibility of nutrients to cross the BBB and enter the Arc might underlie the altered neuropeptide expression that resembles a fasting state. Since fasting state is important in the dynamic changes of the BBB, we also investigated whether rats on a fcHFHS diet have an altered BBB response compared to chow animals, when fasted. As hypothalamic changes already occurred shortly after fcHFHS diet exposure [23] , we here studied effects of a one-week fcHFHS diet exposure on BBB integrity.
Material and methods

Animals
Male Wistar rats (Charles river, Germany) were housed five per cage in a temperature and light controlled room (lights on: 0700-1900). All animals had ad libitum access to laboratory chow (Special Diet Service (SDS), England) and tap water prior to testing. Rats received one week for acclimatization in which they were adapted to handling. The experiment was approved by the Committee for Animal Experimentation of the Academic Medical Center of the University of Amsterdam, the Netherlands.
Surgery for Evans blue infusions and dietary intervention
Rats underwent surgery under anesthesia induced with an intraperitoneal (i.p.) injection of 80 mg/kg Ketamine (Eurovet Animal Health, Bladel, the Netherlands), 8 mg/kg Xylazine (Bayer Health Care, Mijdrecht, the Netherlands) and 0.1 mg/kg Atropine (Pharmachemie B.V.) for catheterization of the right jugular vein. The catheter was exteriorized at the vertex of the head and fixed using four anchor screws and dental cement. Immediately after surgery, rats received an analgesic subcutaneously (Carprofen, 0.5mg/100g bodyweight (BW)). The animals were individually housed after surgery and allowed to recover for 7 days. The fcHFHS diet consisted of a dish of saturated fat (Beef tallow (Ossewit/Blanc de Boeuf), Vandemoortele, Belgium) and a bottle of 30% sugar water (1.0 M sucrose mixed from commercial grade sugar and tap water) in addition to the normal standard chow diet and tap water. Food intake was measured 5 times a week.
Experiment 1: Effect of fcHFHS diet on BBB permeability and TJ expression in fed rats
Evans blue injections
To assess the permeability of the blood brain barrier, Evans blue (Sigma-Aldrich, 4ml/ kg (1% diluted in saline 0,9%)) was injected in the jugular vein, which is a dye with high affinity for serum albumin. Serum albumin cannot cross the BBB and virtually all Evans blue is bound to albumin, thus normally the neural tissue remains unstained [24] . Since the ME is leaky, albumin-bound Evans blue can enter the ME milieu, and subsequent diffusion into the Arc can be a measure for the permeability of the β1 tanycytes that make up the barrier between the ME and the Arc [4] . After recovery from surgery (n=10, BW 332.0±2.8 g), half of the rats were switched from their normal chow to the fcHFHS diet for 1 week, whereas the other half remained on chow (groups matched for BW). At 10 AM all rats received Evans blue via the jugular vein catheter. After 1 hour, animals received a single shot of pentobarbital (100-150 mg/kg BW, Nembutal) and were perfused with ice-cold saline for 1 minute. Afterwards, brains were dissected and quickly frozen on dry ice, where after they were stored at -80°C. Epididymal white adipose tissue (eWAT) was dissected and weighted prior to saline perfusion.
Brain sections 30 µm brain sections were cut using a cryostat. For Evans blue analyses, sections were collected on Superfrost Plus Plus slides and stored dry at -20°C. The Evans blue signal was visualized and imaged with a fluorescent microscope using 10x objective magnification and 540nm filter. For quantification, an area outside the ME/3 rd ventricle area was outlined in which background optical density was measured. Next, Evans blue signal in the ME/3 rd ventricle area was masked using a threshold of 2 times background density, resulting in a surface area of Evans Blue staining for each section. 14-16 sections were used per rat, capturing the whole area containing the ME (bregma -1.8 to -3.36 according to the Paxinos rat brain atlas, Paxinos, 2006). The surface area of Evans blue signal multiplied by average optical density within this area, was plotted against ME level from rostral to caudal. The area under the curve was then calculated as a measure of Integrated Optical Density (IOD). One animal was excluded from the analysis because it was considered an outlier using the Grubbs test (Graphpad software).
Protein expression of tight junction proteins
For Western blots, 16 rats (BW 310.4±2.4 g) were subjected to the fcHFHS diet or chow control diet (n=8 per group, matched on BW) for 1 week. Thereafter, at 10 AM rats were anaesthetized with a CO 2 /O 2 mixture (6:4) and killed by decapitation. Brains were then rapidly removed, frozen on dry ice and stored at -80°C. eWAT was dissected and weighted.
Western blots
To collect tissue of the ME and around the 3 rd ventricle, 200-250 µm coronal slices were cut with a cryostat (starting at bregma -0.96 until -3.60 according to the Paxinos rat brain atlas, Paxinos, 2006). Tissue was put down in RNA later (Ambion) after which the median eminence and lining of the 3V was isolated with a razor blade/sharp needle, the dorsal border being top of 3V and the lateral border ½ width of hypothalamus. Tissue was isolated using a sharp needle and homogenized in lysis buffer. RIPA (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% triton x-100, 0.5% sodium desoxycholate, 0,1% SDS, 2 mM EDTA, 1x phosphostop and 1x protease inhibitor (Roche)) or suspension buffer (0.1 M NaCl, 0.01 M Tris-HCl (pH 7.6), 1 mM EDTA and 1x protease inhibitor) was used depending on the protein of interest. Protein concentration was measured with the Bio-Rad DC protein assay following the manufacturer's instructions (Bio-Rad Laboratories). A total of 15-30 µg protein was loaded onto SDS-PAGE gels and electrotransferred onto a PVDF membrane (Millipore, pore size 0.45 µm). A pre-stained protein marker (Precision plus, Biorad, 5 µL) was loaded on every gel. The membrane was incubated with blocking solution (5% w/v milk in Tris-buffered saline (73 mM NaCl, 200 mM Tris HCl, pH= 7.6) containing 0.2% v/v Tween-20), for 1 h at room temperature. Subsequently, blots were incubated with antibodies for ZO-1 (Invitrogen), claudin-5 (LSBio), occludin (Proteintech), GLUT-1 (Invitrogen) and β-actin (Santa Cruz) diluted in blocking solution for 1 hr at room temperature, followed by overnight incubation at 4°C on a rocking table. Antibody characteristics are provided in table 1.
Protein expression was detected using an horseradish peroxidase (HRP)-linked rabbitspecific secondary antibody (DAKO P0448) (diluted 1:1000 in blocking solution) for Claudin-5, ZO-1 and occludin, HRP-linked goat-specific antibody (DAKO P0449) 1:10000, for β-actin or HRP-linked mouse-specific antibody (DAKO P0447) 1:1000, for GLUT1 and an enhanced chemiluminescence commercial kit (GE health care). The protein expression was quantified by densitometry with the ImageJ software and protein expressions were normalized for β-actin expression. Two animals from the fcHFHS diet group were excluded from the analysis because β-actin expression was too low. Representative bands for all proteins and β-actin are shown in figure 1.
Immunofluorescent staining for ZO-1
A part of the sections from brains that were injected with Evans blue were used to immunocytochemically stain for ZO-1 protein. Sections were post-fixed for 10-20 min in freshly prepared 4% Paraformaldehyde, rinsed in TBS and incubated in 1 st antibody for ZO-1 (1:500, Invitrogen), diluted in TBS with 1%v/v normal goat serum and 0.3%v/v Triton X-100 for 1 hour at room temperature followed by overnight incubation at 4°C. The next day, after washing with TBS, slides were incubated with biotinylated anti-rabbit 2 nd antibody (1:400, Vector laboratories,) for 60 min. Following 2 washes in TBS, sections were incubated in Streptavidine-Alexa 488 (1:500, Invitrogen) in blocking solution for 3 hours at room temperature in the dark. A nuclear counterstaining was performed by incubating the sections for 1 minute in Hoechst 33342 (1:1000, BioRad) diluted in 0.1 M PBS. Slides were coverslipped using mowiol (10% w/v Mowiol and 25% v/v glycerol in 0.1M Tris-HCl pH 8.5). Representative (z-stack) images were made with a confocal microscope (Leica axioscope) using a 40x/1.3 oil objective using a CS2 UV filter, and a fluorescent microscope (Zeiss) with an 20x objective. Z-stacks were merged using imageJ software [25] .
Experiment 2: Effect of fcHFHS diet on BBB permeability and TJ expression in fasted rats
Evans blue injections
To study whether fasting exerted differences between fcHFHS diet and chow animals in Evans blue diffusion over the BBB, we subjected a group of 15 animals to a fcHFHS or chow diet with overnight fast and compared this group to fed and fasted chow animals. After recovery from jugular vein cannulation (BW 336.1±3.7), 5 animals were switched to the fcHFHS diet for one week while the rest remained on chow diet. The night before the Evans blue injections, 5 of the chow animals and all fcHFHS diet animals were fasted. The next morning Evans blue was injected via the jugular vein and animals were perfused with ice-cold saline for 1 minute. Epididymal white adipose tissue (eWAT) was dissected and weighted prior to saline perfusion. Total time of fasting was 16-18 hours. Brain sections and analysis of diffusion was the same as in experiment 1. One brain had to be excluded because of poor quality of the material, with incomplete ME.
Protein expression of tight junction proteins
To study whether fasting induces changes in protein expression in animals on a fcHFHS diet, 16 rats (BW 289.7±1.6) were subjected to fcHFHS diet or remained on chow (n=8 per group) for one week, and were then fasted overnight before deeply anaesthetized and killed in the morning as described in experiment 1. eWAT was dissected and weighted. Total time of fasting was 16-18 hours.
Statistics
All data are expressed as mean ± SEM. Animal numbers were based on a power analysis using earlier detected effects of feeding status on Evans blue diffusion [6] and protein expression of tight junctions [26] . Animal characteristics were compared using a Student's t-test or one-way ANOVA when there were more than 2 groups. eWAT was normalized for BW. For Evans blue injections, IOD was calculated per rat and a Student's t-test was conducted to compare chow to fcHFHS diet for experiment 1 and a one-way ANOVA to compare the three conditions in experiment 2. Western blot bands were quantified with ImageJ and tested for differences using an Student's t-test. p<0.05 was considered significant. 
Results
Experiment 1: Effect of fcHFHS diet on BBB permeability and TJ expression in fed rats
Evans blue injections
One week of fcHFHS diet exposure led to significant more caloric intake compared to chow fed controls, and resulted in a strong trend for more eWAT in rats fed the fcHFHS diet compared to chow-fed controls (p=0.053). BW and BW gain did not differ between groups (table 2). To assess BBB permeability after consuming a fcHFHS diet, Evans blue was injected into the jugular vein and the integrated optical density (IOD) was used as a measure for total Evans blue staining per area of interest. There was no difference between groups (p=0.67) (figure 2). Also, there were no differences in surface area (0. 
Protein expression of tight junction proteins
Rats on the fcHFHS diet consumed significantly more calories and had significantly more eWAT compared to chow animals, whereas there were no differences in BW and BW gain (table 2). To determine differences in tight junction proteins, western blot assays were performed for ZO-1, claudin-5, occludin and GLUT-1. Bands were detected at the expected heights (ZO-1, 225 kDa; claudin-5, 23 kDa; occludin, 53 kDa). GLUT-1 is detected in the brain as two forms with different molecular weights, the 55 kDa form, responsible for the passage of glucose over the BBB; and the 45 kDa form, primarily located in astrocytes and responsible for glucose transport into glia cells {Maher, 1994 #265}. In our lysates, we only detected the 45 kDa form with the used GLUT-1 antibody. Protein expression of neither ZO-1, claudin-5, occludin nor GLUT-1 were different between the fcHFHS compared to chow group ( figure 3A-D) . Qualitative images of ZO-1 protein show immunoreactivity in the hypothalamus in capillaries, which are known to display well-differentiated tight junction complexes [3] ( figure 3E, top) . The honeycomb pattern of ZO-1 expression in the ME is shown in figure 3E , bottom. 
Experiment 2: Effect of fcHFHS diet on BBB permeability and TJ expression in fasted rats
Evans blue injections Animal characteristics for experiment 2 are summarized in table 3. Rats on fcHFHS diet consumed significantly more calories compared to chow fed controls, BW, BW gain and eWAT was not significantly different between groups. W calculated the IOD for Evans blue diffusion over the ME but found no effect of fasting on diffusion comparing chowfed to chow-fasted (p=0.63) nor an overall difference between groups (one-way ANOVA, p=0.14) (figure 4).
Protein expression of tight junction proteins fcHFHS fed animals consumed more calories and had significantly more eWAT weight compared to chow controls (table 3) . Western blot analysis of ZO-1, claudin-5, occludin and GLUT-1 did not differ between groups after an overnight fast ( figure 5A-D) . Qualitative images of ZO-1 protein staining are shown in figure 5E .
Discussion
The permeability of the BBB determines the influx of solutes into the brain and might be important for hypothalamic responses in when animals are exposed to an obesogenic diet [10, 15, 22] . We therefore assessed diffusion of Evans blue through the ME, the circumventricular organ at the floor of the hypothalamus, which has a leaky BBB, as well as protein expression of TJs claudin-5, occludin and ZO-1 and the glucose transporter GLUT-1 in hypothalamic blocks of the wall of the third ventricle in rats on a fcHFHS diet.
Our results show that a one-week fcHFHS diet exposure, known to induce hyperphagia, leptin resistance and alterations in neuropeptide expression in the Arc of rats [22] , did not affect BBB permeability. In addition, fasting did not reveal differences between chow and fcHFHS diet in BBB diffusion or protein expression levels. Our data are not in line with others that report an effect of HFD on BBB integrity. However, the changes in the BBB might occur only after a more chronic state of high fat feeding and/ or obesity since most studies used exposure times of 8 weeks [1, 5, 20] . Longer exposure of the BBB to the macronutrients, i.e. lipids and sugar, from the fcHFHS diet might induce altered expression of ZO, claudins and occludin. Furthermore, BBB permeability increases with age and it has been shown that this aging effect is exacerbated with chronic exposure to a HFD [28] . For instance, it has been shown that diet enriched with n-3 PUFAs increased occludin protein already after 3 days, although it did not affect ZO-1 and claudin-5 protein expression [15] . Of note, the fat component in the fcHFHS diet predominantly consists of palmitic, oleic and stearic acid, but does not contain n-3 PUFAs, therefore the specific fatty acid composition of a diet might also be an important determinant of the alteration in BBB integrity. Others that studied the effect of a HFD on BBB integrity also used diets with a different fat composition compared to the fcHFHS diet [17, 20] . Regarding the lack of GLUT-1 differences after fcHFHS diet, it has been shown that a three-day HFD decreased GLUT-1 protein expression in brain endothelial cells, which is normalized after prolonged diet (28 days) [9] . This again underscores the time-dependent effects of a diet on the dynamic alterations of TJ proteins. Rapid changes occurring already after several days, might already have been compensated for after 7 days of diet. We specifically chose to expose rats to an one-week fcHFHS diet because we previously showed that this time period and the specific combination of fat and sugar induced leptin resistance and altered brain peptide expression [22] . Moreover, due to the short time-period of the diet our results are not expected to be biased by an extremely obese phenotype. Importantly, we detected only the 45 kDa isoform of GLUT-1, which is primarily expressed by astrocytes [27] . It therefore would be interesting to look specifically at the 55 kDa isoform of GLUT- fasting rapidly increasing protein expression of tight junction proteins [6] , suggesting that experimental conditions with regard to fasting duration might impact the results. Since leptin sensitivity, in previous experiments was also assessed after overnight fast, we decided to add another experimental group in which animals were fasted for 16-18 hours, after which the same read-outs were measured as in the fed animals. We, however, did not observe effects of fasting per se in Evans blue diffusion or differences between chow fed and fcHFHS fed animals in diffusion and protein expression. The absence of a fasting effect on diffusion was not expected, since Langlet et al [6] show, in mice, rapid effects of fasting on diffusion over the Arc. The discrepancies might be explained by the use of a different animal (mice vs. rats) and the longer fasting period that was used (24 hr vs. 16-18 hr). Importantly, due to the assessment of total protein expression in the whole area of the ME and lining of the third ventricle we might have missed subtle changes in TJ expression. Localization and posttranslational modification of TJs and GLUT-1 can play an important role in BBB function and integrity. For instance, occludin undergoes extensive phosphorylation which can attenuate its interaction with ZO-1 [29] . GLUT-1 protein conformation is different between the luminal and abluminal membranes due to differential phosphorylation [30] . Furthermore, GLUT-1 expression is absent in β2 tanycytes, which are in direct contact with the perivascular circulation of the ME, presumably because the ME is leaky and thus does not require glucose transporters [31] . GLUT-1 is however present in β1 tanycytes, that form the ME-Arc barrier. In addition, TJ protein expression also differs within the ME-Arc area, for instance, claudin-5 has been shown to be expressed in the Arc but not in the ME Figure 3 . Effects of 1 week fcHFHS (n=6, black bars) compared to chow (n=8, white bars), on ME-Arc area protein expression of ZO-1 (A), claudin-5 (B), occludin (C) and GLUT-1 (D). Data are expressed as mean ± SEM. Right: ZO-1 immunoreactivity in coronal sections of the ME and third ventricle of a representative chow fed and fcHFHS fed rat. Arrowheads indicate immunopositive staining for ZO-1 (scalebar 100 µm). Lower two images are a magnification of the border of the ME with the honeycomb pattern of ZO-1 (green, scalebar 10 µm) and. Cells were counterstained with Hoechst 33342 (blue). [4, 32] . These complex expression patterns and posttranslational modifications demands a more detailed approach in future experiments. Assessing phosphorylation of the proteins and conducting localization studies using an immunofluorescent approach, or in vitro BBB models [33] are necessary to fully exclude effects of the fcHFHS diet on the BBB. We showed earlier that an one-week fcHFHS diet exposure rapidly altered hypothalamic neuropeptide expression but also induced leptin resistance [21] . The current results, however do not provide evidence for short term changes in BBB structure or BBB permeability during fcHFHS diet exposure. Therefore, direct effects of the diet on the leptin signaling pathway or neuropeptide expression seems currently a more plausible conclusion. In line with this, we recently found increased suppressor of cytokine signaling 3 (SOCS3) mRNA expression in the hypothalamus after one week of fcHFHS diet exposure (Belegri et al., unpublished data). SOCS3 inhibits the phosphorylation of the leptin receptor and thus reduces leptin signaling.
In conclusion, we here show that short-term exposure to a fcHFHS diet induced hyperphagia and increased adipose tissue weight but did not alter the expression of TJ proteins in the wall of the 3 rd ventricle, GLUT-1 expression or the permeability through the ME, neither in fed nor fasted rats. Future experiments are needed to specifically study protein expression patterns in the ME and different cell types to thoroughly understand the effects of nutrients on the dynamic BBB. Effects of 1 week fcHFHS (black bars) diet compared to chow (white bars)(n=8, per group), after overnight fast, on ME-Arc area protein expression of ZO-1 (A), claudin-5 (B), occludin (C) and GLUT-1 (D). Data are expressed as mean ± SEM. Right: ZO-1 immunoreactivity in coronal sections of the ME and third ventricle of a representative fasted chow and fcHFHS diet rat. Arrowheads indicate immunopositive staining for ZO-1 (scalebar 100 µm). Lower two images are a magnification of the border of the ME with the honeycomb pattern of ZO-1 (green, scalebar 10 µm) and. Cells were counterstained with Hoechst 33342 (blue).
